Abstract. In this paper, we introduce the perceptual 3-D shape descriptor (P3DS) for 3-D object, which has been proposed and adopted as an MPEG-7 standard recently. The descriptor is used as an abstract representation of 3-D object in contentbased shape retrieval system. Unlike the conventional descriptors, the P3DS descriptor supports the functionalities like Query by Sketch and Query by Editing which are very useful in real retrieval system. Given a couple of the descriptors, a matching technique is also developed to measure the similarity between them. High retrieval score has been observed when the developed descriptor and the matching technique are used in the retrieval system with the MPEG test database.
Introduction
As the applications of 3-D computer graphics become more popular in human life, the amount of 3-D object we need to handle increases day by day. In order to reuse the existing 3-D objects, they should be stored in an archive and retrieved again for further use when necessary. Therefore, efficient methods for managing 3-D objects are quite necessary. In this context, multimedia industry has been developing an international standard for multimedia contents description and retrieval, known as MPEG-7. Recently, MPEG-7 community has witnessed the necessity of a description scheme for 3-D object. In this paper, we introduce the perceptual 3-D shape descriptor (P3DS) for 3-D object, which has been proposed and adopted as an MPEG-7 standard recently [1, 2, 3, 4, 5, 6, 7] . Note that an amendment of the P3DS descriptor has been in progress and currently in Working Draft stage [7] . The P3DS descriptor provides the abstract and compact representation of the conventional objects in polygonal mesh, B-spline surface, and voxel representation. The topological structure of 3-D object is preserved in the P3DS descriptor, providing an interactive query design in content-based retrieval system. Based on the perceptual description as a building block, an efficient attributed relational graph matching method, i.e. Double Earth Mover's Distance, is proposed and optimized in the shape retrieval system. (a) (b) Fig. 1 . The limitation of the discriminative ability in the Shape3D descriptor: (a) the android and its shape spectrum and (b) the crocodile and its shape spectrum.
Previous 3-D Shape Descriptors
In MPEG-7, the Shape3D descriptor has been developed and adopted as an international standard for description and browsing of 3-D VRML (Virtual Reality Markup Language) database [8] . The Shape3D descriptor implies the shape spectrum of 3-D mesh object, which is the histogram of the shape indices calculated over the entire mesh. It yields high retrieval scores for the ground truth data set [9] . However, the Shape3D descriptor has a few drawbacks. First, the shape spectrum, i.e. the histogram of the shape indices, represents only local geometries of the 3-D surfaces so loses the spatial information. Hence, the discriminative ability may be limited. As shown in Fig. 1 , the android and the crocodile have different topological structures with different shape. However, two objects have very similar shape spectrums, i.e. the distance between two objects is only 0.025981. As a consequence, the crocodile is probably retrieved when the android is selected as query, which is an undesirable result. Next, the similarity measure of two shape spectrums can not evaluate correct distance since neighboring bins are not considered when there is no match between the exact corresponding bins. In academia, a lot of research groups have developed various 3-D shape descriptors. Especially, people in the research group of Princeton University have been showing remarkable activities in 3-D shape retrieval [10, 11, 12, 13] . More specifically, they have developed various descriptors [10, 11, 12] , proposed the benchmark framework for 3-D shape retrieval, and performed the experiments for the comparison between existing 3-D shape descriptors [13] . However, their 3-D shape descriptors are mainly based on the distribution of vertices or faces so that it is difficult to provide the user-friendly querying interface such as Query by Sketch and Query by Editing which will be described in Section 3.3.
Perceptual 3-D Shape (P3DS) Descriptor
In order to overcome the drawbacks of the previous descriptors, we develop the perceptual description based on the part-based representation of a given object. The part-based representation is expressed by means of an attributed relational graph (ARG) which can be easily converted into the P3DS descriptor. More specifically, the P3DS descriptor is designed to represent and identify 3-D objects based on the part-based simplified representation using ellipsoidal blobs. Actually, it is based on the assumption that the partbased representation and the actual shape are coherent with human visual perception. In this context, if volume-based decomposition is adopted as the part-based representation, the object is assumed to have its own volume, e.g. the object is composed of one or more closed mesh surface. On the other hand, in the case of mesh-based decomposition, the object is assumed to be manifold, i.e. an edge is shared by two triangles, unless it belongs to the boundary. For the fast processing and better result, it is recommended to use manifold mesh object with no hole. As expected, if the encoder does not produce the part-based representation properly, the retrieval performance would not be good. In this section, the P3DS descriptor is introduced with an example of its former self, i.e. ARG, and with the formal syntax in MPEG-7 standard. Moreover, new functionalities of the P3DS descriptor are addressed as well.
Node and Edge Features in the ARG
The perceptual description of a given 3-D object is generated from the part-based representation. It has the form of an ARG, composed of a few nodes and edges. A few examples of the part-based representation and ARG are shown in Fig. 2 , where the morphological voxel-based decomposition [14] is adopted as the part-based representation. A node represents a meaningful part of the object with unary attributes, while an edge implies binary relations between nodes. In the descriptor, there are 4 unary attributes and 3 binary relations which are derived from the geometric relation between the principal axes of the connected nodes. In detail, a node is represented by an ellipsoid parameterized by volume V , convexity C, and two eccentricity values E 1 and E 2 . More specifically, the convexity is defined as the ratio of the volume in a node to that in its convex hull, and the eccentricity is composed of two coefficients, E 1 = 1 − c 2 /a 2 and E 2 = 1 − c 2 /b 2 , where a, b, and c (a ≥ b ≥ c) are the maximum ranges along 1st, 2nd, and 3rd principal axes, respectively. Edge features, i.e. binary relations between two nodes, are extracted from the geometric relation between two ellipsoids, in which the distance between centers of connected ellipsoids and two angles are used. The first angle is between first principal axes of connected ellipsoids and the second one is between second principal axes of them. BitsPerAttribute uimsbf } } Fig. 3 . The binary representation syntax of the P3DS descriptor.
Binary Representation of the P3DS Descriptor
In order to preserve the topological shape of the object and to adopt the user-friendly querying interface in the retrieval system, the actual descriptor utilizes slightly different attributes which can provide the shape and relation of ellipsoidal blobs more intuitively. In detail, the P3DS descriptor contains three node attributes, such as Volume, Variance, and Convexity, which can be converted easily into the 4 unary attributes. Next, it contains two edge attributes, such as Center and Transform, from which the 3 binary relations can be computed as well. Fig. 3 shows the Binary Representation Syntax of the P3DS descriptor. Actually, the size of the descriptor is very compact. For an example, when an ARG has 5 nodes, the P3DS descriptor, of which the attributes are quantized in 8-bit (default), can be represented by only 582 bits. Note that Volume, Center, Variance and Convexity are normalized in the interval [0, 1], while Transform is normalized in the interval [-1,1].
New Functionalities for 3-D Shape Retrieval
Using the P3DS descriptor, we believe that it would produce a few new functionalities of 3-D shape retrieval, which cannot be provided by the previous descriptors. Note that the most important advantage of the P3DS descriptor is that there is the exact coincidence between the perceptual description in the P3DS descriptor and human cognitive description. Therefore, when we see the descriptor, we can understand the topological shape of 3-D object and also expect the proper retrieval result. For example, if the descriptor has some information of 5 parts in which four of them are connected to a main body, then we can perceive that the descriptor represents animal-like shape and we would expect the retrieval results of such animals. The human readability of the descriptor enables us to design new kinds of querying strategy as follows: Since the part-based representation is very easy to build and edit, users can make a simple shape consisting of ellipsoidal blobs and their connections. The built object is easily translated to the P3DS descriptor and put into the search engine, i.e. Query by Sketch. Similarly, users can modify the existing descriptor in an interactive way and then they can try a new retrieval to get different results, i.e. Query by Editing.
Shape Matching Using the P3DS Descriptor
The similarity measurement of two P3DS descriptors is the most basic procedure since the input query is compared with the model in the database one by one using the P3DS descriptor and then the models with high similarity are browsed. The one-to-one comparison of two P3DS descriptors consists of three steps: (1) Forming ARG's from the descriptors, (2) Defining the Volume as weight in each node, (3) Comparing the ARG's using the Double EMD (Earth Mover's Distance [15] ) method. During the Double EMD procedure, a distance matrix is first generated between query nodes of a query ARG and model nodes of a model ARG (Inner EMD), followed by measuring the similarity by calculating the amount of work required to move the weights from the query nodes to the model nodes using the conventional EMD method based on the distance matrix (Outer EMD).
The Inner EMD is defined as follows. First, the unary-distance matrix is constructed by computing the distance between the unary attribute vectors of the query and model ARG's. Next, to define the difference of binary relations between nodes of query and model ARG's, i.e. N q and N m in Fig. 4(a) , as one element of the binary-distance matrix, the binary relations are utilized to form the axes of the vector space. More specifically, the coordinate system in Fig. 4(a) consists of three axes, such as one distance and two angles defined in Section 3.1. Then N q and its connected nodes form a set of points in the vector space, while N m and its connected nodes form another set of points. In this context, N q and N m are located at the origin of the vector space. Finally, an imaginary point, i.e. empty circles in Fig. 4(a) , of which the distance from any point is equal to d in Fig. 4(b) , is provided to make the sum of the weights of N q and its connected nodes and that of N m and its connected nodes be equal. Note that the imaginary point can penalize the weight transition to other unconnected nodes. As shown in Fig. 4(b) , a distance matrix with respect to N q and N m is constructed from the Euclidean distances between nodes of query and model ARG's. Then the conventional EMD based on this distance matrix yields one element of the binary-distance matrix. In this way, each element of the binary-distance matrix can be computed. Finally, the final distance matrix is computed by adding the unary-distance matrix and the binary-distance matrix.
In the Outer EMD, the dissimilarity between the query and model ARG's is measured by calculating the amount of work required to move the weights from the query nodes to the model nodes based on the final distance matrix. In other words, a total amount of work for all of the nodes refers to the dissimilarity between the two ARG's.
Experimental Results
In order to evaluate the performance of the developed 3-D shape retrieval system using the P3DS descriptor, intensive experiments are carried out on the MPEG-7 official 3-D VRML database including 3,900 objects. The objects in the database are classified into 102 categories in a hierarchical structure. For the query dataset, we also use the MPEG-7 query dataset composed of 336 objects in 10 leaf categories from 8 broad categories. Note that MPEG's basic rule to select the leaf categories is that the objects should have perceptually meaningful ARG structure. In other words, the object itself and its ARG should be similar enough based on the human visual ability in object recognition. In the experiment, we show the retrieval performance and the comparison with the Shape3D descriptor. Note that d in Section 4 is set to 1 experimentally. As shown in Table 1 , it is observed that the performance of the P3DS descriptor is quite good for both Bull's Eye Performance (BEP) and Average Normalized Modified Retrieval Rate (ANMRR) [8] , also significantly better than the Shape3D descriptor. Note that higher BEP score and lower ANMRR score imply better performance. Moreover, the complexity of the retrieval is quite endurable. The retrieval time depends on the complexity of the object structure. For most cases, it would take less than 5 seconds on a PC with Pentium IV CPU. Currently, we use simple one-to-one matching for the whole objects in the database. We believe it is necessary to develop an algorithm for fast indexing which fully utilizes the hierarchical database structure. Actually, the P3DS descriptor consists of an array of floating point (32bits) attributes. In this context, the quantization of the attributes with lower number of bits should be considered in order to achieve more compact representation. In our implementation, we perform an uniform quantization with a number of steps 2 b , where b denotes the number of quantization bits. Table 2 presents the influence of the quantization bits to the overall retrieval performance. Note that 8 bits uniform quantization produces very little degradation of the performance compared with the results without quantization. Moreover, lower bits representation up to 5 bits still produces quite little degradation, while the performance goes down much at 4 bits.
Conclusion
In this paper, we introduced the Perceptual 3-D Shape (P3DS) descriptor and presented the various experimental results not only in shape retrieval but also in the effect of the attribute quantization. In MPEG-7 community, the P3DS descriptor has been proposed and adopted as a new standard for 3-D shape description and currently in Working Draft stage. Our future work includes the development of practical retrieval system which can be used in real application. The combination of context-based (keyword-based) and content-based retrieval system should be taken into account. Furthermore, some scheme like relevance feedback is quite necessary in order to increase the subjective performance to real user.
